Taken towe term the cell being induced to release transmitters "presynaptic" and the other cell in the pair "postsynapgether, the above results established that the inward postsynaptic currents recorded at around Ϫ70 mV were tic." Figure 1C shows that when the postsynaptic starburst cell was held at ϩ45 mV, robust outward synaptic nicotinic currents and that the outward postsynaptic currents at ϩ45 mV were mediated by GABA A receptors. currents were also detected in a reciprocal manner.
To determine whether ACh and GABA were coreHence, these data demonstrated that a single starburst cell released both ACh and GABA at a synaptic level leased by a single starburst cell at the synaptic level, we first examined the biophysical and pharmacological and that the early developing starburst cells formed a network connected by reciprocal nicotinic and GABAerproperties of the postsynaptic responses. Figure 2A gives an example of dual voltage-clamp recording from gic synapses. a pair of E30 starburst cells, showing inward postsynaptic currents at a holding potential of Ϫ70 mV and outward
A Developmental Switch in Network Excitability
Caused by a Dramatic Reduction in Nicotinic postsynaptic currents at ϩ45 mV from the same cell. The inward postsynaptic currents at Ϫ70 mV (E Cl ) could
Synaptic Communication among Starburst Cells
To determine how the starburst network acquired the be completely blocked by the nicotinic antagonist hexamethonium (Hex, 100 M, n ϭ 5) ( Figure 2B ) but were stability necessary for visual processing as the retina matured, we examined the developmental profile of nicnot affected by picrotoxin (Pic, 100 M, n ϭ 4, data not shown), suggesting that they were mediated by nicotinic otinic synapses between starburst cells by measuring synaptic transmission between and functional nicotinic receptors. On the other hand, the outward postsynaptic currents recorded at ϩ45 mV were completely blocked receptor expression on starburst cells at various developmental stages. Remarkably, we found that the nicoby Pic (100 M, n ϭ 3, Figure 2B ) or the GABA A antagonist SR95531 (50 M, n ϭ 3) but not by Hex (100 M, tinic synaptic interaction between starburst cells could be detected only during early development and diminn ϭ 3), indicating GABA A receptor-mediated currents.
To confirm the presence of both nicotinic and GABA A ished quickly during the first postnatal week. As shown in Figures 3A1-3A3 , recording from starburst cell pairs components in the synaptic transmission between starburst cells, we puffed ACh and GABA directly on voltdetected both nicotinic (at Ϫ70 mV) and GABA A (at ϩ45 mV) synaptic currents at E30, but only GABA responses age-clamped starburst cells in perinatal retinas in the presence of 0.3-1 mM Cd 2ϩ , which blocked Ca 2ϩ -depenat P21. In fact, nicotinic postsynaptic responses were never detected between starburst cells after P11 (n ϭ dent synaptic transmission. Puffing ACh (1 mM) evoked robust, inward-rectifying currents (n ϭ 12) that could be 60), whereas GABA A receptor-mediated postsynaptic currents persisted throughout development (E29-P31, blocked by Hex (100 M, n ϭ 3, Figures 2C and 2D ) but n ϭ 70). Similarly, puffing ACh (1 mM) onto starburst cells evoked robust nicotinic currents at E30, but little responses at P21 ( Figure 3C ). In contrast, the response of starburst cells to the GABA puff persisted as the retina matured ( Figure 3C) . A quantitative assessment of the starburst responses to ACh puffs (1 mM) revealed a dramatic postnatal decline in the peak nicotinic response amplitude, from an average value of 1450 Ϯ 210 pA at E29 to 97 Ϯ 14 pA at eye opening (P11, n ϭ 3), and was nearly undetectable (5 Ϯ 5 pA) at P28 (n ϭ 3) ( Figure 3B ). This drastic reduction in the response amplitude to an ACh puff could not be explained by the developmental enhancement of the cholinesterase activity in the mammalian retina (Hutchins et al., 1995) , because a similar reduction was also found when cholinesterase was inhibited by neostigmine (NS, 4 M), even though NS did increase the ACh response amplitude from 1140 Ϯ 180 pA to 1280 Ϯ 300 at E30 (n ϭ 3) and from 11 Ϯ 5 pA to 41 Ϯ 7 pA at P25 (n ϭ 4). Similarly, the response amplitude to a puff of the nonhydrolizable nicotinic agonist 1.1-dimethyl-4-phenyl piperazinium iodide (DMPP) (1 mM) also declined drastically from 2070 Ϯ 16 pA (n ϭ 3) at E29 to 47 Ϯ 8 pA at P26 (n ϭ 3) and 29 Ϯ 9 pA in adult (n ϭ 3, Figure 3D ). This striking developmental decline in nicotinic synaptic transmission between starburst cells is indicative of a programmed elimination of the early form of massive cholinergic connections among starburst cells, suggesting an important switch in the starburst network excitability.
The above switch in the starburst network excitability was accompanied by pronounced changes in starburst morphology. As shown in Figure 3E , perinatal starburst processes consisted of numerous filopodia but few varicosities. Interestingly, these filopodia also disappeared during postnatal development, with a time course (Wong and Collin, 1989 ) similar to that shown in Figure 3B , suggesting a possible link between this morphological change and the transitions in the network excitability and synaptic connectivity. As the retina matured, numerous varicosities appeared on distal starburst processes ( Figure 3E ), which are believed to be the neurotransmitter release sites in adult (Famiglietti, 1991) .
Functional Roles of the Changing Starburst Network Excitability
To gain an insight into the functional consequences of the developmental changes in starburst excitability, we investigated the role of starburst-starburst interactions Figure 4A2 shows bursts of synaptic currents in a pair of starburst cells voltage clamped at ϩ45 mV and Ϫ70 mV, respectively. Pic (100 M) completely blocked the outward currents at ϩ45 mV, but did not affect the rhythmic inward currents at Ϫ70 mV ( Figure 4A2 , n ϭ 6) or the retinal waves under Ca 2ϩ imaging (n ϭ 12, data not shown), suggesting that the ionotropic GABA input, though significant, was not an essential component of the synaptic drive responsible for the waves. However, Hex (100 M), applied either alone (n ϭ 5, data not shown) or together with Pic (n ϭ 3, Figure 4A2 ), completely and reversibly blocked all rhythmic currents in starburst cells, suggesting that nicotinic inputs were associated with the waves. Hence, during early spontaneous retinal waves, the starburst network was driven synaptically by the mutual excitation among starburst cells themselves, but not by an external system. This result was confirmed by the finding that glutamate receptor antagonists CNQX (40 M) and AP7 (200 M) did not have any effect on the synaptic currents (either inward or outward) in starburst cell during the waves ( Figure 4A3 , n ϭ 4). Together, these data provide strong physiological evidence for the theory that recurrent excitation within the starburst network mediates the early spontaneous retinal waves. 
The Role of Recurrent Starburst Network Excitation in Early Retinal Waves
Our results demonstrated that the starburst network was wired together via nicotinic and GABAergic synapses during early development and that the essential synaptic input to starburst cells during the early retinal wave was from the starburst network itself, not from other cell types. These two findings, together with the result that the early retinal wave in the rabbit retina relies critically on nicotinic neurotransmission (Zhou and Zhao, 2000), provide strong evidence for the hypothesis that recurrent excitation within the starburst network mediates the early retinal wave. Our data suggest that reciprocal nicotinic communication among starburst cells functions to amplify, synchronize, and propagate the spontaneous activity within the starburst network, although the mechanism underlying the initiation of rhythmic spontaneous activity remains to be elucidated. Since most ganglion cells receive a rhythmic nicotinic drive during early retinal waves (Feller et al., 1996) 
